We demonstrate an integrated semiconductor ridge microcavity source of counterpropagating twin photons at room temperature in the telecom range. Based on type II parametric down conversion in a counterpropagating phase matching scheme with transverse pump, the device generates around 10 -11 pairs/pump photons having a 0.3 nm bandwidth for a 1 mm long waveguide. The emission spectrum shows the existence of two equally probable processes, which is a preliminary step to the direct generation of Bell states. The twin character of the photons of each pair is demonstrated via a temporal correlation measurement. These results open the way to the demonstration of several interesting features associated to the counterpropagating geometry, such as the control of the frequency correlation degree via the spatial and spectral properties of the pump beam.
INTRODUCTION
Polarization-entangled photon pairs are at the heart of many quantum communication and information protocols 1 . The most used physical process to produce such two-photon states is spontaneous parametric down-conversion (SPDC) in nonlinear dielectric crystals (BBO, KTP, PPKTP, PPLN...), which has led to major achievements in quantum communications, such as the transmission of a quantum key over 144 km in free space 2 and the entanglement of photons from independent sources 3 . In the last years, a great deal of effort has been devoted to the miniaturization and integration of quantum information technologies; in this context, semiconductor materials seem naturally to be prime choice candidates. Concerning two photon sources, several groups are extensively studying bi-exciton cascades in quantum dots 4, 5 , though these devices are still limited by the necessity of low temperature operation.
In this paper, we present a semiconductor source of twin photons at telecom wavelength based on SPDC in a transverse pump configuration. This device works at room temperature and combines the huge potential of semiconductor materials in terms of optoelectronics integration with versatility in the production of the two-photon state offered by the counterpropagating phase-matching scheme. Indeed, this geometry has been shown 6, 7 to be the most versatile means to produce 'generalized' states of frequency correlation which arise a growing interest for several quantum information protocols. For instance, frequency-correlated photons could improve clock synchronization 8 and decoherence-free fiber transmissions 9 , and frequency-uncorrelated photons are needed for linear optical quantum computation protocols 10 .
In section 2 we present the working principle of our source. We then illustrate the possibilities of frequency correlation engineering in section 3. Section 4 presents the SPDC spectra and the time correlation measurement. We finally draw our conclusions and perspectives in section 5.
WORKING PRINCIPLE

Counterpropagating phase-matching
The source consists in a multilayer AlGaAs waveguide grown on a GaAs substrate and then chemically etched to achieve lateral confinement in a ridge ( Figure 1 ). The structure design is such that a pump beam (at 775 nm) impinging on the surface of the waveguide with an incidence angle θ generates two counterpropagating orthogonally-polarized beams (around 1550 nm) by SPDC. The frequencies of the emitted fields are determined by the energy ( (wavevectors) of the signal, idler and pump waves respectively and n s , n i are the effective indices of the signal and idler modes. Throughout the paper, the signal beam is copropagating with the z-component of the pump beam and the idler beam is counterpropagating with it. In the epitaxial direction, a quasi-phase-matching (QPM) is implemented by alternating layers with different aluminum concentrations, having different nonlinear coefficients. An auto-phase-matching occurs in the guided z direction and a quasi-phase-matching is implemented in the epitaxial x direction.
Since we have implemented a type-II phase-matching, two different processes (called interactions 1 and 2) can occur simultaneously: one with a TE-polarized signal and a TM-polarized idler, and the other with a TM-polarized signal and a TE-polarized idler. The emitted beams frequencies for both interactions are given by:
and
where n TE and n TM are the effective indices of the TE and TM guided modes. Figure 2 reports the down-converted beams wavelengths versus the incidence angle of the pump beam. This graph shows that maximally polarization-entangled pairs can be directly generated by simultaneously pumping at the degeneracy angles of interaction 1 (θ deg ) and 2 (-θ deg ) and using standard interference filters to eliminate the remaining nondegenerate photon pairs. This configuration allows to produce the Bell state + Ψ ; the other Bell states may then be obtained by the insertion of half-wave plates on the signal and idler paths. (colors online) Generated parametric wavelengths versus pump incidence angle for a pump wavelength λ p = 775 nm. The uppercase (1) and (2) design interaction 1 and 2 respectively. The proof of principle of the counterpropagating phase matching scheme was given by Lanco et al. 11 ; however in that demonstration, the source suffered of a low conversion efficiency, due to the low value of the overlap integral among the interacting fields. This limitation was overcome by integrating two distributed Bragg reflectors (DBRs) on top and under the waveguide core ( Figure 3 ), to create a vertical microcavity for the pump beam. Indeed, in the presence of such a microcavity, at resonance wavelength, the pump beam intensity (and thus the conversion efficiency of the nonlinear process) is enhanced inside the waveguide core. The efficiency enhancement factor can be expressed as 12 : where η cavity and η 0 are the efficiencies with and without microcavity, F is the finesse of the microcavity, t 2 and t 1 are the transmission coefficients of the DBRs and n guide is the effective index of the guide.
Microcavity integration
FREQUENCY CORRELATIONS ENGINEERING
As mentioned in the introduction, the counterpropagating geometry is very well suited to control the frequency correlation state of the emitted photon pairs. Indeed, the joint spectral amplitude (JSA) -which represents the probability density for an idler photon to have a frequency ν i when its signal twin has a frequency ν s -can be expressed as follows:
where A is a normalization factor, ν p 0 is the central pump frequency, σ p is the pump bandwidth, L is the length of the waveguide and Δk is the phase-mismatch.
Limiting our discussion to interaction 1, we can re-express (4) with the help of equation (1): 
Equation (6) shows that the JSA can be controlled through the pump spectral bandwidth σ p (via the first term which is the energy conservation term) and the sample length L (via the second term which is the phase-matching term). Indeed, if the pump has a very narrow bandwidth (case of cw or quasi-cw pumping), the JSA is dominated by the energy conservation term ( In order to quantify the degree of correlation of a given frequency state and its eventual separability, one has to perform a Schmidt decomposition of the JSA 13, 14 . This consists in a basis transformation into a set of orthogonal Schmidt modes {ψ n ; φ n }: ( 7 ) where λ n , ψ n and φ n are solutions of the following eigenvalue equations:
with the condition: S is 0 for a perfectly uncorrelated state and increases with the number N of Schmidt modes necessary to describe a given frequency state. In Figure 4 , we present three examples of calculated JSA shapes and their corresponding Schmidt decompositions for interaction 1 at degeneracy. These states have been calculated with our source for three different pumping configurations in the picosecond regime.
We note that the versatility in the tuning of the frequency state is peculiar to the counterpropagating geometry, since in this case the pump bandwidth σ p and the sample length L each act on the length of one of the ellipse axes ( ). Thus, by varying independently these two parameters, every possible eccentricity of the ellipse can be obtained. In the case of copropagating geometry instead, in most cases, only one of the lengths of the axis of the ellipse can be adjusted, which usually prevents the obtention of other states than frequency-anticorrelated ones. The obtention of frequency-uncorrelated states is nevertheless possible in this geometry 15 , but requires specific dispersion relation of the nonlinear medium.
EXPERIMENTAL RESULTS
SPDC spectrum
The source was pumped with a TE-polarized pulsed Ti:sapphire laser beam (10 W peak power, pulse length 150 ns, 3 kHz repetition rate) at 759.5 nm (resonance wavelength of the microcavity for the sample used here), impinging on the ridge with an incidence angle θ = 3°. The SPDC spectrum was recorded by collecting the generated photons leaving the waveguide from the signal side with a microscope objective before sending them through a monochromator having a 0.2 nm resolution. They were then detected by an InGaAs single photon avalanche photodiode (SPAD Id 201 from IdQuantique). The experimental spectrum in Figure 5 shows four peaks corresponding to the pairs generated with the two possible interactions. The wavelengths are in good agreement with the theoretical X-shaped tuning curves from Figure 2 blue-shifted with respect to numerical calculation to account for a degeneracy wavelength of 1519 nm instead of 1550 nm for the grown sample. The difference in amplitude between the short wavelength and the long wavelength peaks in Figure 5 is due to the fact that the idler photons are collected through the signal side facet after their reflection on the opposite facet. The linewidth of the down-converted photons deduced from this graph (after a deconvolution with the 0.2 nm monochromator resolution and the 0.3 nm pump bandwidth) is 0.3 nm, which is consistent with the theoretical value for a 1 mm long sample.
Taking into account optical losses and detection efficiency, a nonlinear conversion efficiency ~ 10 -11 pairs / pump photon can be deduced from this spectrum. This represents an improvement of two orders of magnitude with respect to reference 11.
Time coincidence measurement
With the same pumping configuration as for the SPDC spectrum acquisition, a time-coincidence measurement was carried out in order to further ascertain the pair emission of the photons. The experimental set-up is shown on Figure 6 . The coincidence histogram obtained in a 25 min integration time for interaction 1 with a pump peak power of 8 W is shown in Figure 7 . The peak observed at zero-delay demonstrates unambiguously the twin character of the emitted photons. Its width at half-maximum (~ 450 ps) is consistent with the time jitter of both detectors. The triangular base originates from accidental coincidence events, such as coincidences between detector dark counts, luminescence noise photons or down-converted photons having lost their twin. To be useful for quantum information protocols, polarization-entangled photons need to be indistinguishable in all their degrees of freedom but polarization. The degree of indistinguishability between photons from interaction 1 at degeneracy was measured via a Hong-Ou-Mandel experiment 16 . This consists in making the signal and idler photons interfere at a 50/50 beamsplitter and recording the coincidence events between both exit ports. If the photons of a pair are indistinguishable, they exit the beamsplitter by the same port, thus inducing a dip in the coincidence measurement with a visibility depending on the degree of indistinguishability. Photon pairs from interaction 1 showed a dip with 85% visibility 17 ; this limit is given by facets reflectivity. We have calculated that an antireflection coating would allow obtaining almost a perfect visibility.
CONCLUSION
In conclusion, we have presented a semiconductor twin photon source at telecom wavelength working at room temperature. The device is based on a counterpropagating phase matching scheme and includes an integrated vertical microcavity to enhance the nonlinear frequency conversion efficiency. The SPDC spectrum shows the existence of two kinds of equally probable process and the temporal coincidences demonstrate the twin character of the emission. These results pave the way to the demonstration of several interesting features associated to the counterpropagating geometry, such as the direct generation of polarization-entangled Bell states or the two-photon state controlled generation via the proper choice of the spatial and spectral pump beam profile. The efficiency of this device, along with the high-quality quantum properties of the generated photons and their telecom wavelength, makes this source a serious candidate for integrated quantum photonics.
